Introduction
Phospholipids have been shown to play important roles in various cellular responses. 1 The first step in the extraction of phospholipids from biological samples is generally performed by the Bligh-Dyer 2 or Folch 3 method, which extracts total lipids. The second step is the fractionation of phospholipids from the total lipids, and it is carried out mainly by acetone precipitation, 4 scraping from a developed thin-layer plate and solid-phase extraction. 5, 6 We previously reported on a high-performance liquid chromatography (HPLC) system with postcolumn fluorescence detection for the determination of phospholipids, based on a series of hydrolysis under UV-irradiation in the presence of TiO2, phosphomolybdic acid and thiamine-thiochrome reactions. 7 However, when the actual samples were repeatedly analyzed by the system, the column life time seemed to be relatively short, because of the accumulation of proteinous substances in the samples. We, therefore, describe here the application of a property of titania, i.e. it selectively adsorbs water-soluble organic phosphates, [8] [9] [10] to the fractionation of hydrophobic phospholipids from total lipids, prior to an HPLC analysis. Firstly, the usefulness of titania in the extraction of phospholipids was examined by using standard samples containing neutral lipids, fatty acids and phospholipids. Secondly, the effectiveness of titania extraction was reconfirmed by the determination of phospholipids in egg-yolk total lipids by HPLC with fluorescence detection.
Experimental

Materials and reagents
Lecithin {egg yolk, phosphatidyl choline (PC) >70%, phospholipids content >99%, containing phosphatidyl-ethanolamine (PE)} was purchased from Nacalai Tesque (Kyoto, Japan). L-α-Phosphatidylethanolamine dipalmitoyl (Dipalmitoyl PE) and L-α-phosphatidylcholine dipalmitoyl (Dipalmitoyl PC) were purchased from Sigma (St. Louis, MO, USA). Titania (titanium dioxide; average particle size, 2 µm) was kindly donated by Toho Titanium Co., Ltd. (Tokyo, Japan). All reagents used were of guaranteed grade and were used without further purification.
Extraction of total lipids
The total lipids were extracted based on the Bligh-Dyer method as follows: standard samples containing 100 µg each of diacylglyceride (DG), triglyceride (TG), cholesterol (Cho) and lecithin and 200 µg of oleic acid (OA), was mixed with 160 µl of 0.9% (w/v) sodium chloride in 0.1 M acetic acid for 1 min and 400 µl of 1.0% (w/v) dithiothreitol (DTT) as an anti-oxidant reagent in methanol for 1 min in this order. Two hundred microliters of chloroform were added, vortexed for 2 min, and allowed to stand for 10 min. Then, 200 µl of chloroform and 200 µl of 0.9% (w/v) sodium chloride in 0.1 M acetic acid were added and vortexed for 1 min. After centrifugation (2000g) for 1 min, the lower layer was taken to be pooled. The upper layer was added with 200 µl of chloroform, vortexed for 1 min and centrifuged (2000g) for 1 min. The lower layer was withdrawn and mixed together with the pooled lower layer. The mixture was charged to the following titania suspension.
In the case of egg-yolk extraction, the lower layer obtained by the above-mentioned Bligh-Dyer procedure using about 20 mg of egg yolk, was dried under a nitrogen stream and redissolved in hexane-isopropanol (50:50, v/v). An aliquot equivalent to 600 µg of total lipids was subjected to the following titania extraction.
Conditioning of titania
Five hundred milligrams of titania were mixed with 500 µl of 10 mM acetic acid and 800 µl of chloroform, kept for 1 min, and allowed to stand for 10 min. After centrifugation (2000g) for 1 min, the supernatant was removed so that a slight layer of chloroform could remain over the titania bed.
Extraction of phospholipids with titania
Titania prepared in a 1.5 ml-tube according to the above procedure, to which an aliquot equivalent to 600 µg of the above total lipids was added, was stirred for 2 min and left standing alone for 4 min with a cover of aluminum foil in order to minimize the oxidation or deterioration of the samples by the photocatalytic activity of titania. The titania suspension was centrifuged (2000g) for 1 min and the supernatant was filtered through a 1.0-ml syringe with a membrane filter (0.45 µm pore). The titania was washed with 800 µl of 0.1% (v/v) acetic acid in chloroform-methanol (70:30, v/v) and centrifuged (2000g) for 1 min; the supernatant was wasted. Five hundred microliters of chloroform-0.2 M ammonia in methanol (70:30, v/v) were added to the washed titania suspension to elute phospholipids. After stirring for 2 min, the suspension was centrifuged at 2000g for 1 min and the supernatant was passed through a filter (0.45 µm) to obtain a fraction containing phospholipids. The elution procedure was performed twice, and the effluents and washing solution (300 µl of chloroform) applied to the used filter and the syringe were mixed together. After the mixture was dried under a nitrogen stream and redissolved in 50 µl of hexane-isopropanol (50:50, v/v), a 10 µl-aliquot was injected into the following HPLC system.
HPLC system
The mobile phase was delivered at a flow rate of 0.5 ml min −1 with isocratic elution using A-1/A-2 (100/0) for 10 min, and then with the linear-gradient program to (75/25) in 10 min, next to (50/50) in 20 min and then to (0/100) in 20 min, where A-1 and A-2 contain hexane/isopropanol (98/2, v/v) and isopropanol/water (90/10, v/v) respectively (Figs. 2 and 3) . The total lipids were separated on a LiChrospher Si 60 column (4 mm i.d. × 250 mm; Merck, Germany) at 60˚C and detected at 205 nm. The recovery ratios of PE and PC, and the removal ratio of OA and Cho were calculated by relative peak-heights between before and after titania extraction.
Fluorometric determination of phospholipids by HPLC with postcolumn reactions
The HPLC system used in this experiment is basically the same as that used in our previous method 7 for the determination of phospholipids, and is briefly outlined below. The samples were separated on a LiChrospher Si60 column, introduced into the hydrolysis coil and irradiated with a UV-lamp in order to liberate orthophosphate. The resultant orthophosphate was reacted with a molybdenum reagent to form phosphomolybdic acid, which was then reacted with the alkaline thiamine reagent. Finally, the fluorescence intensity of the thiochrome converted from thiamine by phosphomolybdic acid was measured at an excitation wavelength of 380 nm and an emission wavelength of 442 nm. The linear-gradient program was from A-1/A-2 (100/0) to (60/40) in 3 min, next to (40/60) in 17 min and then to (0/100) in 3 min, where A-1 and A-2 contain acetonitrile/water/acetic acid {(95/5/0.05, v/v) and (70/30/0.05, v/v), respectively}. The HPLC system, using the gradient-elution program, gave good linearity between the peak area and the concentration for dipalmitoyl esters of PE and PC from 0.05 to 3.0 mg ml −1 (correlation coefficient, 0.992 and 0.990, respectively). When 10 µg of each PE and PC was repeatedly injected into this system, the relative standard deviations (RSD) were 3.92 and 4.19% (n=5), respectively.
Results and Discussion
Effect of titania extraction
The effects of the following factors on the recovery of lecithin as model compounds of phospholipids using titania extraction were examined. The DTT concentration as an anti-oxidant in methanol for use in the Bligh-Dyer method were chosen at 1.0% (w/v) among the tested range 0 -2.0%. When chloroform, water-chloroform and 0.1% acetic acid in chloroform were tested as a solvent for the conditioning of titania, 0.1% acetic acid in chloroform gave the highest recovery, which was consistent with the fact that titania strongly traps water-soluble organic phosphates under an acidic condition. 10 The time for the adsorption of phospholipids on titania was chosen to be 4 min among the tested range of 0 -10 min. Based on our report 542 ANALYTICAL SCIENCES MAY 2000, VOL. 16 were extracted by the Bligh-Dyer method, as described in Experimental. Before or after titania extraction followed by nitrogen drying, the residues were dissolved in 50 µl of hexane-isopropanol (50:50, v/v) and a 10 µl-aliquot of them was injected. The blank designates the trace obtained with the entire procedure without lipids. Fig. 2 HPLC profile of egg yolk lipids before and after titania extraction. The egg-yolk lipids (equivalent to 600 µg) extracted by the Bligh-Dyer method were treated with or without the titania extraction, as described in Experimental, and treated as in Fig. 1 . Blank, egg yolk-free procedure.
on preconcentration with titania of water-soluble organic phosphates 10 in addition to the above results, the adsorption of phospholipids on titania was performed under an acidic condition, while desorption was best carried out under an alkaline condition. When lecithin was fractionated from the standard sample under the above-mentioned condition (Fig. 1) , the recoveries (n=5) of PE and PC were 70.6% and 72.7%, respectively. The above-mentioned relatively lower recovery was due both to the loss of adsorption on titania (ca. 11%) and to incomplete desorption from titania (ca. 17%). RSD of the recovery (n=5) were 5.75% for PE and 6.12% for PC, respectively. The comparison of a standard sample (top) and blank (bottom) in Fig. 1 (left panel) , both without the titania extraction procedure, showed that the TG and DG peaks overlapped the solvent peak. However, the right panel in the figure illustrates that most of the TG and DG was removed by titania-extraction. The titania extraction procedure was also effective to remove fatty acids and neutral lipids: the removal ratios of OA and Cho were 63.0% and 67.9%, respectively, though DTT still remained. The above data indicated that titania strongly adsorbed phospholipids, as mentioned in our report on a preconcentration with titania of water-soluble organic phosphates, 10 although there is a need to further increase the recovery of phospholipids. As the result of an adsorption test with 250 µg of lecithin on titania in the range 0 -750 mg, the adsorption capacity of titania proved to be ca. 36 µg lecithin/100 mg.
Determination of phospholipids in egg yolk
The titania extraction procedure was applied to an analysis of egg-yolk total lipids (TG, 65.1%; phospholipids, 29.4%; Cho, 5.5%), 11 whose phospholipids consist almost of PE and PC.
As shown in Fig. 2 (left) , PE and PC were identified. Although new peaks appeared after titania extraction (Fig. 2, right) , and TG overlapped on the solvent peak, a comparison of the top chromatogram with the bottom one revealed that the majority of the neutral lipid was removed by titania extraction.
The recoveries of PE and PC were 62.8% and 63.1% (n=5; RSD, PE and PC, 6.83% and 7.37%), respectively. In a quantitative HPLC analysis of phospholipids, low-wavelength UV detection does not always indicate the actual phosphorus contents of phospholipids, but shows the degree of unsaturation in fatty acid moieties. 12, 13 Therefore, the determination of PE and PC in egg yolk after titania extraction was performed with our developed HPLC system 7 with postcolumn fluorescence detection for phospholipids. The PE and PC contents in total lipids were calculated based on relative peak areas of dipalmitoyl esters of PE and PC on a molar basis (Fig. 3) . Assuming that their molecular weights were 760, 14 the PE and PC contents in egg-yolk lipids were calculated to be 6.42% (w/w) and 20.2% (w/w), respectively (RSD, 9.84% and 10.4%, respectively), whereas they were 5.1% for PE and 23.5% for PC were reported 11 (Table 1) .
The titania extraction was concluded to be a useful tool for phospholipid fractionation; applications to biomedical fields will be reported elsewhere. 543 ANALYTICAL SCIENCES MAY 2000, VOL. 16 Fig. 3 Fluorometric HPLC profile for titania extraction from egg yolk lipids and authentic phospholipids. The sample preparation was the same as in Fig. 2 . Dipalmitoyl PE and PC (10 µg each) were injected as authentic samples. Sample number
